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Introduction
Ultrastable microwave signals are of great interest in applications such as radar, telecommunications, navigation systems, and time synchronization [1] - [3] . Recently, there has been great interest in generating microwaves through optical frequency division (OFD) with a modelocked laser comb. Ultrastable microwave generation has been demonstrated [4] - [7] . The stability of the optical reference is transferred to the repetition rate of the pulse train of a modelocked laser. Two factors determine the noise level of the microwave output. One factor is the phase noise in the modelocked laser comb, and the other factor is the phase noise that is generated in the photodetector. In this paper, we will focus on the second factor, explaining in particular the amplitude-to-phase noise conversion in a high current photodetector.
The phase noise that is produced by the photodetector is a critical limit to system performance. A major source of phase noise is amplitude-to-phase (AM-to-PM) conversion in the photodetector. Zhang et al. [8] used a simple model to study the AM-to-PM conversion coefficient in a p -i -n photodetector. Taylor et al. [9] experimentally studied AM-to-PM conversion and found that there are several nulls, where the AM-to-PM conversion coefficient approaches zero as a function of the photocurrent. In the experiments, they use the impulse response method to measure the phase change and the AM-to-PM noise conversion coefficient.
In this paper, we will use a modified drift-diffusion model to study the AM-to-PM conversion in the modified uni-traveling carrier (MUTC) photodetector. We first calculate the impulse response in the time domain and ,from that, we calculate the AM-to-PM conversion coefficient. We will explain the physical origin of the conversion nulls, and we will show how the pulse duration affects the AM-to-PM noise conversion coefficient. We will show that when the pulse duration is shorter than 500 fs, the output is only affected by the total pulse energy.
Model
In the paper, we use a drift-diffusion model [10] , [11] to study the AM-to-PM conversion in an MUTC photodetector [12] , [13] with the configuration shown in Fig. 1 .
The AM-to-PM conversion coefficient α is defined as the phase change in the device φ, divided by the fractional optical power fluctuation P/P :
There are several methods to measure the phase noise [9] . One is to use a phase bridge, which directly measures the phase fluctuations. The other method is to measure the time-domain impulse response of the photodetector and to use a Fourier transform to calculate the phase difference as the power varies. The advantage of using a phase bridge is high precision, but the experimental setup is more complicated than measurement of the time domain impulse response. Measurement of the time domain impulse response, followed by the Fourier transform, is easier to do, but it is necessary to measure more average current points.
We will simulate the impulse response of the photodetector to calculate the phase. In the model, the input light is a pulse train. We calculate the output current as a function of time. Then, we use a Fourier transform to calculate the RF phase in radians for the given Fourier frequency. We use the phase information to calculate the AM-to-PM conversion coefficient that is defined in (1) .
In order to characterize phase change of MUTC photodiodes, time domain impulse responses of the photodiodes are measured based on a fiber pulse laser from Toptica Photonics with 100 femtosecond pulse width and a 50 GHz Agilent Infiniium digital sampling oscilloscope. A 25 dB RF attenuation was incorporated in the signal path since a large dynamic range was required in this measurement and the input of the oscilloscope was limited to 0.8 V maximum. A simple variable optical attenuator based on a precision blocking screw was used to tune the input optical power to photodiodes. Fig. 2 shows the experimental phase change and AM-to-PM noise conversion coefficient. The diameter of the device is 40 μm. The red curves are the fitted curves. The repetition rate is 250 MHz. We calculate the phase change and the AM-to-PM noise conversion coefficient at 1 GHz. We found that there are two nulls in the AM-to-PM noise conversion coefficient. The phase increases when the photocurrent increases to 50 μA, and next decreases when the photocurrent increases to 155 μA, and finally increases again when the photocurrent further increases. The pulse profile that we use in our calculations is
where t p is the pulse position, t w is the pulse duration, and A is the pulse amplitude. Fig. 3 shows the calculated phase change and AM-to-PM noise conversion coefficient. We obtained agreement with experiments for the phase change and AM-to-PM noise conversion coefficient. The nulls appear due to the phase changes when the photocurrent increases. We note that the offset in the phase between the simulation and the experimental data us due to the different input pulse phase. What we care about is the relative phase change as a function of average pulse current. The difference between measured phase and simulated phase may result from the RF cable, bias tee and RF attenuator which connect photodetector and oscilloscope; however, this difference does not affect our conclusions. Fig. 4 shows the calculated average transit time in the device. We found that the behavior of the transit time is similar to the phase change. When the phase change increases, the transit time increases. At 50 μA, the transit time is a maximum. Fig. 5(a) shows the impulse response for different average output photocurrents. Fig. 5(b) shows the normalized impulse response. Fig. 6 shows the tail of the normalized impulse response. When the average current increases, the time for the impulse response to reach its peak increases. However, when the current increases from 30 μA to 150 μA, the tail of the impulse response decreases. These two processes compete with each other, leading at first to a small phase increase and then a phase decrease. When the current is larger than 150 μA, the output photocurrent response width increases dramatically, which corresponds to a phase increase.
Simulation Results

Physical Reason for the Nulls
The AM-to-PM noise conversion coefficient α, defined by (2), depends on the phase change φ. The phase change in turn depends on the average electron transit time in the device. As a major carrier in undepleted absorption region, holes will decay with a dielectric relaxation time which is much smaller than the electron transit time. Fig. 7 shows the velocity as a function of electric field for InGaAs and InP. The velocity first rapidly increases and then decreases as a function of the electric field, eventually saturating. The principal physical reason for this behavior is that the ratio of heavy (X -and L -valley) electrons to light ( -valley) electrons increases as the electric field increases, slowing the average velocity. This behavior is important in understanding the appearance of the higher-current null in the AM-to-PM conversion.
There is an intrinsic absorption region and a p -absorption region in the device. The photogenerated electrons in the intrinsic region travel fast. However, there is a heterojunction between InGaAs and InP. When the pulse energy increases, more electrons accumulate at the heterojunction. Therefore, a larger optical pulse energy leads to a large time for the photocurrent to reach its peak.
The output photocurrent decay time changes significantly when the optical pulse energy changes because the peak photocurrent changes, leading to a change in the electric field in the device. The velocity depends on the electric field and changes as the peak current varies. When the average photocurrent is 50 μA and 150 μA, the corresponding peak currents are 10 mA and 40 mA. Fig. 8 shows the electric field in the device for different photocurrents. Fig. 9(a) shows the electric field in the p -absorption region, and collection region shown in Fig. 1 . We observe that when the photocurrent increases in the device, the electric field in the p -absorption region and in the collection region increases. Fig. 7 shows the velocity as a function of the electric field for InGaAs and InP. The electron velocity increases in the p -absorption region. The decay times decrease as the output photocurrent increases. The two processes compete with each other. When the output Fig. 8 . Calculated steady-state electric field distribution in the device for different photocurrents. The applied reverse bias is 3 V. Fig. 9 . Calculated steady-state electric field distribution in the device for different photocurrents in (a) the p-absorption region and (b) the collection region shown in Fig. 1 . The applied reverse bias is 3 V. average photocurrent is less than 50 μA, the time that it takes the photocurrent to reach its peak dominates the total transit time. Therefore, the phase increases as the photocurrent increases up to 50 μA. When the output photocurrent is between 50 μA and 150 μA, the decay time dominates the average transit time. Hence, the phase increases when the photocurrent increases. Finally, when the output photocurrent is larger than 150 μA, which corresponds to a peak current of 40 mA, the electric field in the n-region, which shows in Fig. 9(b) , becomes negative so that the electron transit
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Computational Study of Amplitude-to-Phase Conversion Fig. 10 . Calculated AM-to-PM noise conversion with different pulse durations at 1 GHz. Fig. 11 . Calculated impulse response for different pulse durations and the same pulse energy. time increases when the output photocurrent increases. Hence, the phase again increases when the photocurrent increases. Fig. 10 shows the AM-to-PM noise conversion coefficient as a function of average photocurrent for different pulse durations. We observe that the null position does not change when the pulse width is less than 500 fs. When the pulse duration is larger than 500 fs, even if it is much smaller than the photodetector response time, which is 40 ps for this photodetector, the second null position shifts to larger photocurrents. When the pulse duration increases, the peak current decreases. Fig. 11 shows the impulse response for different pulse durations with the same pulse energy. The photocurrent at which the second null occurs depends on the electric field, which is determined by the peak current. When the pulse duration increases, the peak current decreases, and a second null appears at a larger average photocurrent. Fig. 12(a) shows the AM-to-PM noise conversion coefficient as a function of average current for different repetition rates. The curves are the same except for a scale factor, as shown in Fig. 12(b) , where we plot the two curves as a function of optical pulse energy. Therefore, the AM-to-PM noise conversion coefficient does not depend on the repetition rate when the repetition rate is less than the bandwidth of the photodetector, which is about 25 GHz. The average photocurrent depends on the repetition rate. This result is consistent with experiments [6] . Fig. 13 shows the impulse response for different repetition rates. We observe that the shape of the output photocurrents are the same. The only difference is that the output photocurrent pulses are spaced twice as far apart, lowering the average photocurrent by a factor of two, which has no effect on the Fourier transform of the photocurrent impulse response. 
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Discussion
Suggestions for Improvement
The AM-to-PM noise conversion coefficient depends on the phase change in the device, which is due to the change in the average electron transit time. The pileup of electrons that occurs at the heterojunction between the intrinsic absorption layer and the cliff layer is a major factor increasing the transit time. It is not possible in practice to completely to eliminate the heterojunction. However, by having several intermediate layers, it should be possible to improve the heterojunction transition. Fig. 14 shows the phase change and AM-to-PM conversion coefficient if there is no heterojunction between InGaAs and InP. We can see that α A M /PM is reduced by about one order of magnitude.
Conclusion
We used a drift-diffusion model to study the AM-to-PM conversion in an MUTC photodetector. There are two nulls in the AM-to-PM as a function average photocurrent. We have explained the appearance of these nulls as a consequence of changes in the transit time through the device, which is in turn due to the nonlinear dependence of the electron velocity on the electric field.
We also show that when the pulse duration is less than 500 fs, the AM-to-PM conversion coefficient does not change. When the pulse duration is greater than 500 fs, the second null in the AM-to-PM shifts to larger photocurrents. The repetition rate does not change the AM-to-PM conversion coefficient when plotted as a function of the input optical pulse energy.
The AM-to-PM noise conversion coefficient can be greatly reduced by having an intermediate transition layer between the heterojunction InGaAs and InP.
